Seven new naturally occurring hydroxylated cannabinoids (1-7), along with the known cannabiripsol (8), have been isolated from the aerial parts of high-potency Cannabis sativa. The structures of the new compounds were determined by 1D and 2D NMR spectroscopic analysis, GC-MS, and HRESIMS as 8α-hydroxy-Δ 9 -tetrahydrocannabinol (1), 8β-hydroxy-Δ 9 -tetrahydrocannabinol (2), 10α-hydroxy-Δ 8 -tetrahydrocannabinol (3), 10β-hydroxy-Δ 8 -tetrahydrocannabinol (4), 10α-hydroxy-Δ 9,11 -hexahydrocannabinol (5), 9β,10β-epoxyhexahydrocannabinol (6), and 11-acetoxy-Δ 9 -tetrahydrocannabinolic acid A (7). The binding affinity of isolated compounds 1-8, Δ 9 -tetrahydrocannabinol, and Δ 8 -tetrahydrocannabinol toward CB1 and CB2 receptors as well as their behavioral effects in a mouse tetrad assay were studied. The results indicated that compound 3, with the highest affinity to the CB1 receptors, exerted the most potent cannabimimetic-like actions in the tetrad assay, while compound 4 showed partial cannabimimetic actions. Compound 2, on the other hand, displayed a dose-dependent hypolocomotive effect only. Supporting Information 1 H NMR, 13 C NMR, and DEPT-135 spectra for the isolated compounds (1-8). The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jnatprod.5b00065.
Many natural product classes besides the cannabinoids have been identified from Cannabis sativa L. (Cannabaceae), including monoterpenes, sesquiterpenes, flavonoids, steroids, and nitrogenous compounds. However, the C 21 terpenophenolics (cannabinoids) are characteristic structures found in C. sativa. To date, more than 750 constituents have been identified from cannabis, out of which 104 are classified as cannabinoids. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The medicinal properties of cannabis have been much debated from scientific and political points of view, and the subject has gained much interest over the years. After the discovery of the primary active constituent of marijuana, (−)-trans-Δ 9 -tetrahydrocannabinol (Δ 9 -THC), in 1964, 15 various clinical trials were undertaken to determine its efficacy as an analgesic, 16 antiemetic, 17 antidepressant, 18 and appetite suppressant/stimulant, 19 as a treatment of glaucoma, 20 and for the management of chemotherapy-induced nausea and vomiting. 21 Research in the area of the use of C. sativa for medicinal purposes has gained worldwide interest following the discovery of the endogenous endocannabinoid system that interacts with the constituents of this plant.
Features of this endogenous system include cannabinoid receptors, of which there are two types reported (CB1 and CB2), and endogenous ligands that act as receptor agonists and antagonists. 22, 23 The CB1 receptors, recognized by the cannabinoids, are found in the brain and peripheral tissue of the central nervous system (CNS), 24 while CB2 receptors are found primarily outside the CNS in tissues associated with the immune system of the body. 25 The availability of high-potency marijuana with unprecedented Δ 9 -THC concentrations (>20% by dry weight) 26 has afforded an opportunity to discover novel constituents from C. sativa. As part of a program to study the constituents of high-potency cannabis and its pharmacological effects, [2] [3] [4] [5] 7, 13 reported herein are the isolation and structure elucidation of eight minor cannabinoid constituents, including seven new compounds (1-7) and one known compound (8) . Binding affinities of these compounds to both CB1 and CB2 receptors as well as their pharmacological evaluation in a mouse tetrad assay are described.
RESULTS AND DISCUSSION
Compound 1 was isolated as a yellow oil. Its molecular formula was determined as C 21 (Table 1 ) of 1 displayed four methyl signals (δ H 0.87, 1.09, 1.42, and 1.80), two aromatic proton signals (δ H 6.11 and 6.27), five methylenes, and three methines. The 13 C NMR spectrum (Table 2) displayed 21 carbon resonances, in good agreement with Δ 9 -THC. 3, 27 The presence of an oxymethine carbon at δ C 68.8 corresponding to a proton resonance at δ H 4.10 in the HMQC spectrum indicated that 1 is a hydroxylated Δ 9 -THC derivative. The location of the hydroxy group was determined at C-8 based on the HMBC correlations of H-8 (δ H 4.10) with C-6a (δ C 40.8), C-11 (δ C 20.8), and C-10 (δ C 128.6) ( Figure 1 ). The α-orientation of the hydroxy group at C-8 was assigned from the ROESY correlation of H-8 with H-6a (δ H 1.81) (Figure 1 ). On the basis of these experiments, the chemical structure of 1 was elucidated as 8α-hydroxy-Δ 9 -tetrahydrocannabinol.
Compound 2 was found to possess the same molecular formula as 1, C 21 H 30 O 3 , and was obtained as a yellow oil. The 1 H and 13 C NMR data of 2 (Tables 1 and 2) were quite similar to those of 1 except for the higher frequency shifts of H-8 (δ H 4.31) and C-8 (δ C 72.4), indicating the β-orientation of the hydroxy group at C-8, which was confirmed by the Compound 3 was isolated as a yellow oil. The molecular formula was established as C 21 (Tables 1 and 2 ) were similar to those reported for Δ 8 -THC 28 but with an extra hydroxy group (δ H 4.27, δ C 77.5). The location of this hydroxy group was determined at C-10 based on the COSY correlation between H-10 (δ H 4.27) and H-10 a (δ H 2.77), and this was confirmed by HMBC (H-10/C-6a, C-11, C-8; H-8/C-10; H 3 -11/C-10; H-6a/C-10) correlations (Figure 1) . The configuration at C-10 was determined by a ROESY correlation between H-10 (δ H 4.27) and H-6a (δ H 1.85), which supported the structural assignment of 3 as 10α-hydroxy-Δ 8 -tetrahydrocannabinol.
Compound 4 was obtained as a yellow oil. Its NMR spectroscopic data (Tables 1 and 2) were quite similar to those of 3 except for the downfield shift of H-10 (δ H 5.08) and the upfield shift of C-10 (δ C 68.3). The upfield shift of C-10 was due to the syn relationship with the aryl moiety at C-10a, which indicated the β-orientation of the hydroxy group at C-10.
This was confirmed by a small coupling constant (2.4 Hz) between H-10 and H-10a and ROESY correlations between H-10 and H-10a. The structure of 4 was thus established as 10β-hydroxy-Δ 8 -tetrahydrocannabinol. 13 C, DEPT, and HMQC NMR spectroscopic data displayed four methyls, six methylenes, and five methines (Tables 1 and 2 ). The spectroscopic data were similar to those of Δ 9 -THC, 3, 27 except for the epoxidation of the olefinic group at C-9 and C-10 [δ H 3.88 (H-10, s), δ C 65.4 (C-10) and δ C 59.9 (C-9)]. The ROESY correlation between H-10 (δ H 3.88) and H-10a (δ H 2.78) was used to determine the orientation of the epoxy moiety as β (Figure 1 ). Therefore, compound 6 was identified as 9β,10β-epoxyhexahydrocannabinol.
Compound 7 was isolated as a brown oil. Its HRESIMS exhibited a sodiated molecular ion peak at m/z 439.2092 [M + Na] + , corresponding to the molecular formula C 24 H 32 O 6 Na (calcd m/z 439.2097). Thus, 7 was assigned with eight degrees of unsaturation. Its IR spectrum showed strong absorptions at ν max 1734 and 1644 cm −1 , indicative of ester and hydrogen-bonded carbonyl groups, respectively. The spectroscopic data of 7 were similar to those of Δ 9 -tetrahydrocannabinolic acid A, 3, 27 with the absence of the CH 3 carbon at δ C 68.9 as well as that between oxymethylene protons (δ H 4.48, H 2 -11) and C-10 (δ C 129.5) ( Figure 1 ) was used to place the acetoxy group at C-11. The structure of 7 was assigned as 11-acetoxy-Δ 9 -tetrahydrocannabinoic acid A.
Compound 8 was identified as cannabiripsol by comparing its specific rotation, GC-MS, and 1 H NMR data with literature values, 28 but this is the first time its 13 C NMR spectroscopic data (Table 2 ) have been reported.
Compounds 1, 2, and 6 were previously reported as metabolites of Δ 9 -THC, and they have been synthesized, but their identification was established by GC and 1 H NMR spectroscopy only. [29] [30] [31] Compounds 3 and 5 were synthesized by Pitt et al. in 1975 , but their chemical structures were determined only by 1 H NMR spectroscopy. 32 This is the first time that compounds 1-3 and 5 and 6 have been isolated from a natural source and have had their full spectroscopic data reported.
Cell lines were established expressing either the full-length human cannabinoid-1 receptor or the full-length human cannabinoid-2 receptor. Radioligand binding assays were performed to assess the affinity of these hydroxylated cannabinoid compounds. 33 Most of the tested compounds exhibited a submicromolar affinity toward the receptors and, in some cases, demonstrated a several-fold selectivity toward the CB-1 receptor. Of these, 10-α-hydroxy-Δ 8 -tetrahydrocannabinol (3) was found to bind to both the cannabinoid receptors nearly as tightly as THC and is a partial agonist at both receptors (Table 3 ).
The mouse tetrad assay is a four-point behavioral assay that characterizes the effect on locomotor activity, catalepsy, body temperature, and nociception. The neurobehavioral effects of Δ 9 -THC in the mouse tetrad assay are well established and are typically referred to as classical cannabimimetic action. These activities manifest as a reduction in locomotor activity, catalepsy, hypothermia, and antinociceptive effects. [34] [35] [36] The results shown in Table  4 indicate that compounds 3 and 6 showed the most potent cannabimimetic-like actions in this mouse tetrad assay. Both compounds exerted significant hypolocomotive, cataleptic, and hypothermic as well as antinociceptive effects in both the tail-flick and hot-plate assays. On the other hand, compound 2 lacked typical cannabimimetic-like action at doses up to 20 mg/kg, but exhibited a significant dose-dependent hypolocomotive activity. Interestingly, compound 4 administration resulted in hypothermic and antinociceptive activity at 40 mg/kg, while a significant locomotor stimulant effect was produced at a 10 mg/kg dose.
The data collected from the in vivo tetrad activity assay (Table 4 ) correlated with the order of in vitro binding affinities of the isolated compounds with the CB1 receptors (Table 3) . Thus, compound 3 showed typical cannabimimetic actions in vivo and possessed the highest binding affinities to the CB1 and CB2 receptors, with K i values of 31.0 ± 6.0 and 30.0 ± 4.0 nM, respectively. 33 Additionally, compound 3 proved to act as a partial CB1 agonist in functional assays, similar to the classical cannabinoid, Δ 9 -THC. In contrast, compound 2 lacked any cannabimimietic activity at the doses tested and showed poor binding affinity to the CB1 receptors. On the other hand, compound 4 showed a partial cannabimimetic action and at the highest tested dose (40 mg/kg) exerted only antinociceptive and hypothermic actions. While compound 1 showed a binding affinity to the CB1 (K i = 1.91 ± 0.58 μM)
receptor, it did not exhibit typical cannabimimetic activity in the mouse tetrad assay at a dose of 20 mg/kg. Additional quantities of this compound need to be secured by isolation or synthetic techniques in order to further evaluate its functional activity at the CB1 receptor as well as to characterize its full in vivo dose-response activity. It is crucial to determine if compound 1 acts as an agonist or antagonist of CB1. An antagonist effect would result in the lack of cannabimimetic activity in the tetrad assay, while an antagonist effect would block an agonist effect (e.g., Δ 9 -THC) in this four-point behavioral assay. In addition, a full receptor binding panel evaluation should be conducted to determine if compound 1 interacts with other CNS receptors that might mask the cannabimimetic activity inferred by CB1 binding. Future binding studies of the isolated compounds to targets other than the CB1 and CB2 receptors, like the transient receptor potential (TRP) channels of both the vanilloid type-3 (TRPV3) and the ankyrin type-1 (TRPA1), are needed to better establish the mechanism and potential value of the pharmacological effects observed in this study.
EXPERIMENTAL SECTION General Experimental Procedures
Optical rotations were measured on an Autoplot IV automatic polarimeter. IR spectra were recorded on a Bruker Tensor 27 IR spectrometer. 1 H NMR (400 MHz), 13 C NMR (100 MHz), DEPT-135, APT, and 2D NMR spectra were recorded using the residual solvent signal as an internal standard on a Varian AS 400 NMR spectrometer. High-resolution mass spectra were measured using a Bruker BioApex instrument. HPLC was performed on a Waters Delta Prep 4000 preparative chromatography system connected to a Waters 486 tunable UV absorbance detector using Phenomenex Luna C 18 and Si gel columns (250 × 21.2 mm, 5 μm, 100 Å). GC-MS analysis was carried out on an HP 6890 series GC, equipped with a split/splitless capillary injector, an HP 6890 series injector autosampler, and an Agliant DB-5 ms column (30 m × 0.25 mm × 0.25 μm), interfaced to an HP 5973 mass selective detector. The injector temperature was 250 °C, and 1 μL injections were performed in the splitless mode, with the splitless time set at 60 s, the split flow set at 50 mL/min, and the septum purge valve set to close 60 s after the injection occurred. The oven temperature was raised from 70 to 270 °C (held for 20 min) at a rate of 5 °C/min, for a total run time of 60 min; the transfer line temperature was 280 °C. Chemicals and reagents for pharmacological studies were obtained from Sigma-Aldrich (St. Louis, MO, USA) except fetal bovine serum (Midwest Scientific, Valley Park, MO, USA) and Biorad Bradford dye (Fisher Scientific, Pittsburgh, PA, USA).
Extraction and Isolation
The dried plant material (9.0 kg) was extracted sequentially with hexanes (48 L), CH 2 
CB1 and CB2 Receptor Radioligand Binding Assays
The CB1 and CB2 receptor radioligand binding assays of the isolated compounds were performed according to a previously reported method. 33 
Animals
Experiments were performed using 8-week-old mice. Male Swiss Webster mice (Harlan, Indianapolis, IN, USA), weighing 24-30 g at the time of testing, were used. The mice were housed in groups of five with a 12 h light/12 h dark cycle. Food and water were provided ad libitum. All mice were selected randomly for each treatment group. Procedures involving animals were performed according to the guidelines approved by the Institutional Animal Care and Use Committee (IACUC) at The University of Mississippi and according to the National Institutes of Health Guide Care and Use of Laboratory Animals (IACUC number 07-018).
Mouse Tetrad Assay
Twenty-four hours prior to testing, animals were acclimated to the experimental setting (ambient temperature, 22− 24 °C, hot-plate chamber, and rectal probe insertion). On the day of testing, preinjection control values for rectal temperature, catalepsy, tail-flick, and hotplate latencies were determined. Animals were then injected intraperitoneally (ip) with either the vehicle control, Δ 9 -THC (10-40 mg/kg), or test compound (5-40 mg/kg). Following ip injection, animals were placed individually in activity chambers (San Diego Instruments, San Diego, CA, USA), where the locomotor activity was monitored automatically for 30 min. Total activity was expressed as the total number of interruptions of 16-cell photobeams per chamber. The activity for the last 10 min was recorded for analysis. Animals were then placed on a ring immobility apparatus, and the latency to drop was recorded in seconds with a maximum cutoff of 180 s latency. Rectal temperature was recorded using a digital rectal probe (Physitemp Instruments, Clifton, NJ, USA) and was expressed as the difference between basal and postinjection temperatures. Tail 
Data Analysis
All values were presented as means ± SEM with n = 6-8 animals per group. Antinociception was expressed as the percent maximal effect (% MPE = [(post drug latency − basal latency)/ (cutoff latency − basal)] × 100). All data were analyzed using one-way ANOVA followed by a Dunnett's post hoc test to determine significant differences from the vehicle control at p < 0.05.
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